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A B S T R A C T   
How calcium (Ca) uptake by trees in eastern Canadian forests has responded to decades of atmospheric acid 
deposition and its sharp decrease that started three decades ago is still largely unknown. Here, we tested a novel 
approach based on the measurements of Ca and strontium (Sr) concentrations and Sr isotope signature (87Sr/86Sr 
ratio) in sequential extracts of sugar maple tree rings and soils to assess changes in Ca availability and sources 
through time. The study was conducted at three sites showing a gradient of one order of magnitude in soil 
mineral weathering fluxes and exchangeable pools of Ca. We found that wood Ca and Sr concentrations increased 
with Ca and Sr concentrations in the exchangeable fraction (NH4Cl extracts) of the top mineral soil across sites. In 
addition, wood 87Sr/86Sr ratio was strongly correlated with 87Sr/86Sr ratio of this soil fraction. Both Ca and Sr 
concentrations in the exchangeable fraction of the wood decreased from pith to bark at all sites, whereas no trend 
was observed for the wood residual fraction. This was interpreted as a result of radial mobility of Ca in sapwood 
rather than a decline in the uptake of Ca and Sr by tree roots over time. The 87Sr/86Sr ratio of tree rings slightly 
increased over time only at the site with the higher soil exchangeable Ca pool, suggesting an increase in the 
contribution of soil mineral weathering relative to atmospheric deposition. In contrast with our hypothesis, our 
results show i) no evidence of pronounced changes in the relative contribution of the atmospheric vs. soil mineral 
weathering Ca components over time at the site with the smallest soil exchangeable Ca pools; and ii) the dif-
ficulty of assessing the temporal changes in the availability and the sources of Ca from sequential extractions of 
the wood due to a dynamic exchange process of Sr (and therefore Ca) between the exchangeable and residual 
fractions of the wood.   
1. Introduction 
Decades of anthropogenic N and S depositions had detrimental im-
pacts on terrestrial and aquatic ecosystems (Driscoll et al., 2001). The 
acidic anions in precipitation, mainly NO3− and SO42− , contribute to the 
leaching of cations to surface waters due to charge balance effect 
(Galloway et al., 1983). This mechanism has resulted in the decrease of 
exchangeable base cations in forest soils in many regions of the world 
(Federer et al., 1989; Houle et al., 1997; Huntington 2000; Watmough 
2018) and in forest dieback in regions with low buffering capacity and 
high acidic depositions (Duchesne et al., 2002; Hunova et al., 2004). 
Base cations such as Ca, K and Mg play important roles in forest eco-
systems, being important nutrients for trees. Large base cations 
reservoirs in soils are also associated with higher soil pH and higher soil 
acid neutralizing capacity (Houle et al., 2006). Calcium is particularly 
important because it constitutes a large proportion of the base cation 
reservoir and is required in large amounts for tree nutrition (White and 
Broadley 2003; Marty et al., 2014). Primary sources of Ca for tree 
nutrition in forest ecosystems are atmospheric deposition and the 
weathering of Ca-bearing silicate and carbonate minerals (Clow et al., 
1997). In sites where soils originate from felsic rocks (e.g. granite), 
plagioclase feldspars weathering is generally the main source of Ca 
released in soil and stream water, although the dissolution of carbon-
ates, even at trace levels in the parental granitic rock, can constitute a 
large part of Ca exports due to its high solubility (Drever and Hurcomb 
1986; Jacobson et al., 2002; Oliva et al., 2004; Bélanger et al., 2012; 
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Augustin et al., 2016). The contributions from mineral weathering and 
atmospheric inputs to vegetation Ca requirements vary widely among 
sites. Atmospheric contribution tends to dominate at sites with highly 
weathered, old and Ca-poor geological substrate or at sites with high 
dust inputs (Kennedy et al., 1998; Perakis et al., 2006; Poszwa et al., 
2009; Bélanger and Holmden 2010; Hynicka et al., 2016) and by mineral 
weathering at sites with Ca-rich bedrock or in tectonically active regions 
(Bailey et al., 1996; Vitousek et al., 1999; Bern et al., 2005; Bélanger 
et al., 2012; Hynicka et al., 2016). The long-term balance between these 
two sources can be regulated by environmental changes. Recently, a 
study conducted across 22 temperate forests in Oregon has shown that 
the contribution of the atmospheric Ca source increased with soil N 
enrichment at Ca-rich basaltic sites, resulting from the progressive 
depletion of the weatherable mineral Ca pool induced by N-rich soils 
(Hynicka et al., 2016). 
Strontium (another alkaline earth element) has been often used as a 
proxy for Ca in environmental studies because both ions share similar 
valence and ionic radius (Capo et al., 1998). Consequently, Ca and Sr 
have similar dynamics in ecosystems and the contribution of different Ca 
sources can be investigated by analyzing the 87Sr/86Sr ratio in ecosystem 
compartments (Åberg 1995; Dambrine et al., 1997; Capo et al., 1998; 
Poszwa et al., 2000; Drouet et al., 2005b). Assuming that the chemical 
composition of tree rings reflects the chemical composition of soil so-
lution, radial changes in Ca concentrations and 87Sr/86Sr are thought to 
be indicative of changes in the size of soil Ca exchangeable pools and Ca 
sources, respectively. For instance, using long-term temporal changes in 
wood Sr isotopic signature, Drouet et al. (2005a) found an increase in 
the atmospheric source contribution in European forests, which was 
ascribed to shrinking soil Ca exchangeable pools resulting from 
increased SO4 deposition. In North America, changes in wood Sr isotopic 
signature was suggested to be the result of progressive shallowing of the 
effective depth of nutrient uptake by roots due to acidification of the 
mineral soil and subsequent toxic Al levels (Bullen and Bailey 2005). 
However, several studies have since shown that there is a “natural” 
decrease in Ca concentration from heartwood to the bark that results 
from radial re-equilibration, i.e. the radial mobility of Ca in sapwood, 
and to the increasing number of pectate binding sites with tree ring age, 
which can be erroneously ascribed to changes in soil Ca availability over 
time (Momoshima and Bondietti 1990; Herbauts et al., 2002). The same 
mechanism probably applies to Sr. For example, a change in soil 
87Sr/86Sr induced by liming was detected in total digestion of tree rings 
about 50 years prior to lime application due to element mobility in 
sapwood (Drouet et al., 2005a). The bias caused by radial 
re-equilibration may be potentially avoided by using sequential ex-
tractions. Although they are widely used in environmental studies for 
soils and lake sediments, sequential extractions are seldom used in tree 
ring research. Sequential extractions with H2O, 0.05N HCl and 1N HNO3 
were previously conducted on sugar maple sapwood to distinguish sol-
uble, exchangeable and residual fractions, respectively (Bilodeau--
Gauthier et al., 2008). Most of wood Ca was found in the soluble and 
exchangeable fractions, suggesting high radial mobility for Ca. Conse-
quently, radial changes in total Ca concentration in tree rings may not be 
the best proxy to detect long-term changes in soil Ca availability. In 
contrast, the residual fraction of Ca in wood could be a more robust 
indicator of changes in soil chemistry over time, on the basis that radial 
re-equilibration mechanisms presumably affect the exchangeable frac-
tion alone (Bilodeau Gauthier et al., 2008). Although Sr and Ca have 
similar dynamics in plant tissues, much less is known in regard to Sr 
radial mobility in the wood and Sr distribution among the different 
fractions. To our knowledge, whether exchangeable and residual frac-
tions of tree rings exhibit different 87Sr/86Sr signatures has also never 
been documented. 
In the present study, we measured Ca and Sr concentrations, as well 
as 87Sr/86Sr after sequential extractions of tree rings and soils sampled at 
three sugar maple forests of southern Quebec, Canada. These sites are 
characterized by contrasted weathering rates (Houle et al., 2012; 
Augustin et al., 2015) and soil base cation exchangeable reservoir that 
vary by one order of magnitude (Bilodeau-Gauthier et al., 2011). One of 
these sites, Duchesnay, has been strongly impacted by atmospheric acid 
deposition, resulting in net Ca losses of soil exchangeable pools (Houle 
et al., 1997) and large decreases in tree growth (Duchesne et al. 2002, 
2003). The goals of this study were to assess whether the changes in Ca 
availability can be detected through the analysis of Ca and Sr concen-
trations and Sr isotopic composition in the exchangeable and residual 
wood fractions. We hypothesized that 1) the wood residual fraction is a 
better proxy of past changes in Ca availability than total wood Ca and Sr 
concentrations; 2) the rate of decrease in Ca concentration in the wood 
residual fraction is stronger at the most severely Ca-depleted sites; and 
3) changes in the 87Sr/86Sr signature of tree rings reflect past changes in 
the relative contribution of weathering and atmospheric deposition to 
Ca tree uptake. If so, we hypothesized that the most Ca-impoverished 
sites would show the largest changes. 
2. Material and methods 
2.1. Study sites 
Wood and soil samples were collected in three forested watersheds 
(Fig. 1) of the Quebec Lakes Network (Houle et al., 2006; Marty et al., 
2015). Despite being all dominated by sugar maple (Acer saccharum), 
the three sites provided a large gradient in soil acidity (i.e., pH, base 
saturation, Ca/Al ratio, exchangeable acidity) and in the rate of Ca 
mineral weathering (Duchesnay < Truite Rouge < Blais) (Table 1) 
(Bilodeau-Gauthier et al., 2011). The contrasting rate of Ca weathering 
among sites is explained by the soil calcite content which vary from 2, 
0.5 and 0 percent for Blais, Truite Rouge and Duchesnay, respectively 
(Houle et al., 2012; Ouimet and Duchesne, 2005). Soils at the sites are 
classified as Orthic Ferro-Humic or Humo-Ferric Podzols or Eluviated 
Dystric Brunisols, with a mor or moder humus type (Soil Classification 
Working Group, 1998). 
2.2. Soil sampling and sequential extractions 
Soil sampling and laboratory extractions were conducted as 
described in Bilodeau-Gauthier et al. (2011). Four soil samples were 
taken at ~2.5 m from the base of the tree at each major cardinal point. 
Mineral soil (first 15 cm of the B horizon) were sampled separately and 
then pooled by horizon type. Soil samples were air-dried, ground and 
sieved to 2 mm. The exchangeable fraction of the mineral soil was 
extracted using an unbuffered NH4Cl[1N] solution, which serves as a 
proxy for exchangeable cations, followed by HNO3[1N], HNO3[15N] 
and concentrated HF digests as described by Bélanger and Holmden 
(2010) and Holmden and Bélanger (2010): 1) 30 ml of NH4Cl[1N] so-
lution were added to the soil sample in a 50 ml trace metal-cleaned 
centrifuge tube on a shaker for 2 h at room temperature; 2) the sam-
ple was rinsed and decanted several times with ultrapure water to 
remove excess NH4Cl and then subjected to a weak acid leach using 30 
ml HNO3[1N] at room temperature for 2 h; 3) the supernatant was 
removed by centrifugation and the residue treated with 30 ml of 
HNO3[1N] for 8 h at 80 ◦C; and 4) a 150 mg aliquot of the residue was 
acid digested in a 2.5:1 mixture of concentrated HF–HNO3 at ~120 ◦C 
for 48 h, and then refluxed in HCl[6N] several times after dissolution to 
remove fluorides. The 1N–NH4Cl is thought to extract Ca and Sr from the 
soil exchangeable complex. The HNO3[1N] is thought to remove Ca and 
Sr from the crystal lattice of calcite and apatite and possibly some Ca and 
Sr from phyllosilicates, hornblende and epidote (Nezat et al., 2007). The 
HNO3[15N] digest attacks phyllosilicates, hornblende and other more 
resistant minerals (e.g. K-feldspars). The final HF–HNO3 dissolves the 
remaining minerals such as K-feldspars, plagioclase and quartz. Only the 
mineral soil was analyzed for Sr isotopes given that we were interested 
in the different mineral fractions and in the source of mineral weath-
ering for base cations. A previous study conducted in 17 sugar maple 
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stands in Quebec showed that the chemistry of the top B horizon was 
more reliable than the organic horizon for predicting variations in wood 
and foliage chemistry among sites (Houle et al., 2007). 
2.3. Wood sampling and sequential extractions 
Analyses were performed on wood samples collected at the sites 
during 2004 and 2005 as reported by Bilodeau-Gauthier et al. (2008). 
Eight to fourteen tree trunks were sawed at breast height and a 10 cm 
thick section was taken to the laboratory. Three trees were then 
randomly selected from each site for the sequential chemical extrac-
tions. Tree rings were separated and analyzed by 5-years groups. The 
position of the heartwood–sapwood boundary on the tree cores was 
determined visually based on wood color differences. Very small wood 
chips (0.2 mm) were prepared with a ceramic knife to increase the 
contact surfaces of the wood samples during the extraction process. The 
tree ring samples were then dried in a desiccator at 30 ◦C until constant 
weight was reached. 
Sequential chemical extractions of wood samples were performed 
with HCl[0.05N] (exchangeable fraction) followed by a digestion with 
HNO3[15N] (residual fraction) as described in Bilodeau-Gauthier et al. 
(2008). For the first extraction, 30 ml of HCl[0.05N] was added to 3 g of 
ground wood and agitated at 30 rpm for 2 h, followed by centrifugation. 
The supernatant was fixed until analysis. The remaining wood was 
rinsed with deionized water and then dried for 48 h at 70 ◦C. For the 
second extraction, 300 mg of wood was taken from the 3 g remaining 
from the first extraction. Wood samples were put in Teflon bombs (CEM 
linear closed-vessels) with 3 ml of ultrapure concentrated HNO3 and 
digested in a high-performance microwave (MDS-2000, from CEM 
corp.). The digested solutions were transferred to polyethylene tubes 
and the volume adjusted to 30 ml with deionized water. 
2.4. Elemental analyses in soil and wood samples 
Calcium and Sr analyses were done on a charge coupled device 
simultaneous inductively-coupled plasma atomic emission spectrometer 
(CCD simultaneous ICP-AES) equipped with an axial torch (model Vista 
AX from Varian, Australia, 1999). Replicability of the extraction method 
was verified with a series of 10 ground wood samples, obtained by 
subsampling from a homogenous combination of 20 annual rings from 
the sapwood of a single tree. These 10 samples were treated with the 
above-described extraction method. 
Fig. 1. Location of the three study sites (Québec, Canada).  
Table 1 
Table 1 Characteristics of the upper mineral soil horizon (first 15 cm of B) for the 
three sites. * data from Bilodeau-Gauthier et al. (2011); † data from Houle et al. 
(1997); ‡ data from Houle et al. (2012). EA: Exchangeable acidity; CEC: Cation 





Latitude 46◦57′ N 46◦09′ N 45◦56′ N 
Longitude 71◦40′ W 74◦05′ W 75◦10′ W 
pH (cmolc kg− 1)* 4.6 4.8 5.1 
Ca (cmolc kg− 1)* 0.3 (0.09) 0.6 (0.3) 5 (4) 
Ca/Al* 0.05 0.21 3.76 
EA (cmolc kg− 1)* 5.6 3.1 1.6 
CEC (cmolc kg− 1)* 6 (1) 4 (1) 7 (3) 
BS (%)* 10 (2) 21 (10) 74 (21) 
Ca mineral weathering rate (kg ha− 1 
yr− 1) 
2.4† 12.3‡ 55.1‡
Ca atmospheric deposition (kg ha− 1 
yr− 1) 
2† 3.4‡ 2.7‡
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2.5. Isotopic analyses of soil and wood samples 
All 87Sr/86Sr analyses were performed by thermo-ionization mass 
spectrometry (TI-MS; MAT 261-Finnigan). Prior to 87Sr/86Sr analysis, Sr 
was separated on columns containing 150 μL of cation exchange resin 
(Sr-SPEC, 200–400 mesh, Eichrom Technologies LLC, IL, USA). The 
volume of the sample solution was determined so that at least 300 ng of 
Sr would be contained in the analyzed solution. Two purification phases 
were performed successively with 2N and 7N HNO3 solutions. Strontium 
elution was done with a 0.05N HNO3 solution. The eluate was then 
collected and evaporated, and the remaining solid fraction was dissolved 
in a mix of 0.02N H3PO4 and 1N HCl for analysis. The measured 
87Sr/86Sr ratios were normalized to 86Sr/88Sr = 0.1194. The accuracy of 
the measurements was checked against the NBS-987 standard. The 
average value (0.710242 ± 0.000015; 2σ, n = 12) fell within the range 
of the standard, which means that no instrumental bias needed to be 
considered. 
2.6. Mixing equation 
The following mixing equation was used to estimate the contribu-
tions of soil mineral weathering and atmospheric sources to the soil 
exchangeable fractions (NH4Cl extract): 
ß(Ca)=
(Sr/Ca)mw × [Xmw − Xexch]
(Sr/Ca)atm × [Xexch − Xatm] + (Sr/Ca)mw × [Xmw − Xexch]
where ß(Ca) is the proportion of Ca in the soil exchangeable fraction 
(exch) originating from soil mineral weathering (mw); Xexch, Xmw and 
Xatm the 87Sr/86Sr ratios of the soil exchangeable fraction (exch), min-
eral weathering (mw) and atmospheric deposition (atm), respectively; 
and (Sr/Ca)atm and (Sr/Ca)mw, the Sr/Ca ratios of atmospheric deposi-
tion and mineral weathering, respectively. The 87Sr/86Sr and Sr/Ca ra-
tios of the HNO3[1N] soil fraction were used as a proxy of the soil 
mineral weathering end-member. Given the proximity of the three sites, 
we assumed the 87Sr/86Sr ratio of atmospheric deposition was similar at 
the three sites. Simonetti et al. (2000) reported 87Sr/86Sr ratios of 
0.71023, 0.71002 and 0.71043 for snow collected at sites located in the 
vicinity of Duchesnay, Truite Rouge and Blais, respectively [plots 21, 3 
and 23 in Simonetti et al. (2000)]. Bélanger et al. (2012) reported an 
average 87Sr/86Sr of 0.71036 for bulk deposition at a site in the Lau-
rentians, just north of Montreal, which is within the study area and 
approximately 30 km from the Truite Rouge site. We used a Sr/Ca value 
of 1/555 for the atmospheric end-member (Bélanger et al., 2012). All 
end-members used in the equation are listed in Table 3. The calculation 
was not made for the Blais site because the isotopic composition values 
of the exchangeable fraction and mineral weathering products were too 
close to each other (Table 3, Figure S1). 
2.7. Statistical analyses 
Normality of data was tested with the Shapiro-Wilk test. Analyses of 
variance (ANOVA) were performed to test the effect of site, extractants 
and their interaction on both soil and wood 87Sr/86Sr, Ca and Sr con-
centrations. Calcium and Sr concentrations in heartwood and sapwood 
were compared with a t-test for each site. When the number of values 
was too low or data were not normally distributed, a Wilcoxon rank sum 
test was performed instead. Significance of long-term trends in Sr and Ca 
concentrations, and 87Sr/86Sr in tree rings were assessed with a Mann- 
Kendall test using the Kendall function from the library Kendall in R 
3.6.2 (R Development Core Team, 2015). When a statistically significant 
trend was detected by the Mann–Kendall test, the Sen slope was calcu-
lated using the zyp. sen function from the “zyp” library in R. 
3. Results 
3.1. Soil Ca and Sr concentrations and 87Sr/86Sr 
Both Ca and Sr concentrations were several orders of magnitude 
lower in the NH4Cl extract (i.e. the exchangeable fraction) than in the 
HF extract at all sites (Fig 2A and B). Concentrations in the NH4Cl extract 
significantly increased from Duchesnay (3.1 ± 1.0 mg Ca kg− 1; 0.04 ±
0.02 mg Sr kg− 1) to Truite Rouge (9.7 ± 4.6 mg Ca kg− 1; 0.09 ± 0.04 mg 
Sr kg− 1) to Blais (32.1 ± 29.2 mg Ca kg− 1; 0.31 ± 0.28 mg Sr kg− 1). 
There were no significant differences among sites for the other extracts 
(Table S1). 
There was a significant effect of the sites and the extractants on soil 
87Sr/86Sr ratio (Table S2). Fig. 2C shows the variations in the 87Sr/86Sr 
ratio among extracts and sites. The most insightful results are that: i) the 
87Sr/86Sr ratio tended to be lower in the NH4Cl extract (particularly at 
Truite Rouge) and the highest in the HNO3[15N] extract at all sites; ii) 
the 87Sr/86Sr ratios in the NH4Cl extract decreased in the following 
order: Duchesnay (0.7139 ± 0.0003) > Blais (0.7112 ± 0.0015) >Truite 
Rouge (0.7105 ± 0.0005) (Fig. 2C); iii) the HNO3[15N] extract at 
Duchesnay had a much higher 87Sr/86Sr ratio (0.7498 ± 0.0367) than 
the other fractions at the three sites. The 87Sr/86Sr in the HF fraction 
decreased from Duchesnay (0.7197 ± 0.0006) to Truite Rouge (0.7173 
± 0.0013) to Blais (0.7114 ± 0.0005). 
3.2. Wood Ca and Sr concentrations and 87Sr/86Sr 
Wood total Ca concentration (the sum of exchangeable and residual 
fractions) increased from Duchesnay (706.0 ± 719.7 μg g− 1) to Truite 
Rouge (972.0 ± 460.4 μg g− 1) to Blais (1288.0 ± 1347.4 μg g− 1) 
(Fig. 2A). Wood total Sr concentration was significantly higher at Blais 
(17.2 ± 14.4 μg g− 1) than at the two other sites (8.0 ± 5.3 μg g− 1 and 5.9 
± 4.6 μg g− 1 at Duchesnay and Truite Rouge, respectively) (Fig. 2B). 
Wood 87Sr/86Sr ratios were similar to those in soil’s NH4Cl extract and 
decreased in the following order: Duchesnay (0.7135 ± 0.0004) > Blais 
(0.7108 ± 0.0012) > Truite Rouge (0.7101 ± 0.0004) (Fig. 2C). 
3.3. Trends in tree rings Ca and Sr concentrations 
Ca and Sr concentrations were much higher in the heartwood than in 
the sapwood for both the exchangeable and residual fractions, particu-
larly in the oldest tree rings (Fig. 3). Both Ca and Sr concentrations in the 
exchangeable fraction significantly decreased over time (Table 2). The 
decrease was however much less pronounced in the sapwood, especially 
for the residual fraction, for which a significant trend was detected only 
for one tree at Truite Rouge and at Blais (Table 2). 
3.4. Comparison of 87Sr/86Sr ratios between wood exchangeable and 
residual fractions 
In a first step, a subset of wood tree ring samples from the three sites 
(n = 32: 14 from Duchesnay and 9 from Truite Rouge and Blais) was 
used to test if there was a difference between the exchangeable (HCl 
[0.05N]) and residual (HNO3[15N]) fractions of wood 87Sr/86Sr. At all 
sites, wood 87Sr/86Sr ratios of both fractions were strongly correlated 
(Fig. 4) and close to the 1:1 line (average values were not significantly 
different, Table S3). Consequently, further measurements of 87Sr/86Sr in 
tree rings were done only for the exchangeable fraction. 
3.5. Trends in 87Sr/86Sr ratios in tree rings 
Tree rings 87Sr/86Sr ratios slightly but significantly increased (Mann- 
Kendall test; P < 0.01) between 1910 and 2007 for the three sampled 
trees at Blais (Fig. 5c), whereas it decreased in the heartwood (from 
1925 to 1960) and then increased in the sapwood (from 1960 to 2007) at 
Duchesnay in only one tree (Fig. 5a). There was no significant trend for 
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the three sampled trees at Truite Rouge (Fig. 5b). 
3.6. Relationship between 87Sr/86Sr in wood and in the soil exchangeable 
fraction 
There was a very strong positive correlation between 87Sr/86Sr ratios 
in the wood and in the soil exchangeable fraction (NH4Cl[1N] extract) 
(Fig. 6). The ratio was slightly lower in the wood than in the soil fraction 
at all sites. Wood 87Sr/86Sr at Truite Rouge was close to the average 
87Sr/86Sr in total precipitation (0.71036) reported by Bélanger et al. 
(2012) and the range in snow precipitation 87Sr/86Sr 
(0.71002–0.71043) reported by Simonetti et al. (2000) for the region, 
whereas both soil (NH4Cl[1N] extract) and wood 87Sr/86Sr at Blais were 
slightly higher. In contrast, both the soil exchangeable pool and wood 
87Sr/86Sr at Duchesnay were much higher (>0.7135). 
4. Discussion 
Decades of acidic deposition have resulted in the loss of base cation 
availability on soils developed from felsic rocks, which in some cases led 
to decreases in tree growth notably in the sugar maple forests of eastern 
Canada (Houle et al., 1997; Duchesne et al., 2002). Changes in Ca 
concentrations and 87Sr/86Sr ratio in tree rings have been used to track 
changes in the availability and sources of Ca over time due to ecosystem 
acidification (Drouet et al., 2005a) but this method can be biased by 
radial movements of Ca and Sr in tree rings (Bondietti et al., 1989; 
Momoshima and Bondietti 1990). We hypothesized that this bias could 
be alleviated by using sequential extractions and using the less mobile 
residual fraction of wood Ca and Sr. We also hypothesized that changes 
in both Ca concentrations and 87Sr/86Sr ratio in this residual fraction 
would be more pronounced at sites with low soil Ca availability and 
weathering rates due to a stronger reliance upon the atmospheric source. 
Fig. 2. Mean Ca and Sr concentrations (μg 
g− 1), and 87Sr/86Sr values in the wood 
exchangeable fraction and the different soil 
extracts (NH4Cl[1N], HNO3[1N], 
HNO3[15N] and HF) at the Duchesnay, 
Truite-Rouge and Blais sites. Note the loga-
rithmic scales in panels A and B. Roman 
letters show the difference among soil ex-
tracts within each site. Greek letters show the 
difference among sites for concentrations 
and isotopic ratios in the wood and soil’s 
NH4Cl[1N] extract. Values not sharing the 
same letter are significantly different (P <
0.05; ANOVA followed by Tukey’s HSD test).   
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4.1. The soil NH4Cl extract reflects wood Ca and Sr composition 
The Ca and Sr concentrations in the NH4Cl extract of the top mineral 
soil differed among sites, which agrees with the difference in Ca and Sr 
fluxes originating from the soil weathering components reported in 
previous studies (Houle et al. 1997, 2012). The differences among sites 
in both Ca and Sr concentrations and in 87Sr/86Sr ratio in the soil NH4Cl 
extracts were reflected in wood, confirming that this soil extract is a 
good proxy for Ca availability and sources at the study sites. This result 
agrees with the data of Houle et al. (2007) that showed that top mineral 
soil chemistry was the best predictor (better than the organic horizon 
chemistry) of both wood and foliage chemistry along a large base 
saturation gradient including 17 sites in Quebec. Other studies have 
found that deep horizons (up to 2.5 m) may represent a substantial 
source of Ca for trees (Drouet et al., 2015; Bedel et al., 2016), but this is 
unlikely at our sites given the superficial rooting of sugar maple (Houle 
et al., 2007; Chen et al., 2013). The similarity between the 87Sr/86Sr 
ratio in the wood and in the soil NH4Cl fraction may also partly result 
from efficient recycling of Sr and Ca inputs from the litter, which can be 
released to the upper mineral soil and rapidly taken up by trees as shown 
at Ca-poor forest sites in northern Europe (van der Heijden et al. 2013, 
2014). The higher 87Sr/86Sr ratio in both the wood and the soil NH4Cl 
fraction at Duchesnay probably resulted from the slow release of Sr from 
Fig. 3. Mean Ca (μg g− 1) and Sr concentrations (μg g− 1) in tree rings at the Duchesnay (a, d), Truite Rouge (b, e) and Blais (c, f) sites. Values are shown for the two 
sequential extractions with HCl[0.05N] (i.e. exchangeable fraction; open circles) and HNO3 [15N] (i.e. residual fraction; closed circles). Each value is the mean of 
three sampled trees. Standard deviation values are not shown for clarity. Dotted lines show the delimitation between heartwood and sapwood. 
Table 2 
Trends in Ca and Sr concentrations in the exchangeable (HCl extract) and the 
residual (HNO3 extract) fractions of sapwood at the Duchesnay, Truite Rouge 
and Blais sites. Values indicate the Sen’s slope. Mann-Kendall test was per-
formed. Significant trends are notified. ns: not significant; *p < 0.05; ** p <
0.01; *** p < 0.005.   
Exchangeable fraction Residual fraction 
Sites Tree Ca Sr Ca Sr 
Duchesnay  
1 − 0.722*** − 0.866* − 0.389 ns − 0.111 ns  
2 − 0.167 ns − 0.055 ns 0.056 ns 0.222 ns  
3 − 0.891*** − 0.927*** − 0.455 ns − 0.345 ns 
Truite Rouge  
1 − 0.846*** − 0.872*** − 0.256 ns − 0.462*  
2 − 1*** − 0.810* 0.429 ns 0.047 ns  
3 − 0.857*** − 0.857*** − 0.429 ns − 0.286 ns 
Blais  
1 − 0.905*** − 0.571*** − 0.048 ns − 0.214 ns  
2 − 0.964*** − 0.745*** − 0.564* − 0.527*  
3 − 0.857*** − 0.778*** − 0.389 ns − 0.444 ns  
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minerals characterized by 87Sr/86Sr ratio higher than 0.75, as suggested 
by the soil HNO3[15N] extracts in our study. Such minerals include 
biotite, garnet, muscovite as well as some minerals of the plagioclase 
and feldspar series (Hajj et al., 2017). The Duchesnay site has higher 
plagioclase and muscovite contents than the two other sites but a lower 
biotite content (Houle et al., 2012, Ouimet and Duchesne, 2005). It thus 
remains unclear which precise mineral was responsible for the high 
87Sr/86Sr ratio in the HNO3[15N] extract at Duchesnay. 
4.2. Can changes in the availability and the sources of Ca be inferred from 
tree rings? 
Despite the covariation of Ca concentrations and 87Sr/86Sr ratio in 
wood and the soil NH4Cl fraction among sites, our data show that the 
inference of changes in long-term Ca availability from tree rings may not 
be possible. Given the reported decrease in Ca availability at the 
Duchesnay site in the past decades (Houle et al., 1997; Duchesnay et al., 
2002), we expected a corresponding decline in the residual Ca concen-
trations of the wood during the same period. However, our results show 
that tree rings Ca and Sr concentrations only varied in the exchangeable 
fraction of the wood (representing 73–86% and 58–80% of total wood 
Ca and Sr, respectively). As reported in other studies, this outward 
decrease may result from radial re-equilibration and decreasing density 
of binding sites from the heartwood to the bark (Bondietti et al., 1989; 
Herbauts et al., 2002; Houle et al., 2002; Drouet et al., 2005a) rather 
than from a decrease in Ca root uptake over time. In contrast, the 
absence of a decreasing trend in Ca and Sr concentrations in the wood 
residual fraction indicates that either no change in Ca availability 
occurred or that this fraction is also not a good indicator of changes in 
soil Ca availability over time. Whatever the reason, it invalidates our 
hypothesis that Ca concentrations in the wood residual fraction would 
decrease, at least at the more Ca-poor site (Duchesnay), as a result of 
decreasing Ca availability due to decades of high acidic deposition. This 
observation and the fact that similar rates of decline were observed in 
the exchangeable fraction of the wood at the three study sites, over a 
gradient of soil Ca availability of one order of magnitude, reinforce the 
idea of a phenomenon inherent to wood properties rather than to po-
tential changes in soil Ca and Sr availability over time. 
While the assessment of Ca and Sr concentrations in the wood frac-
tions failed to identify potential changes in soil Ca availability over time, 
the changes in Ca sources can be potentially inferred from temporal 
change in 87Sr/86Sr tree rings (Bullen and Bailey 2005; Drouet et al., 
2005a), assuming that the isotopic signature of mineral weathering and 
atmospheric deposition are substantially different. Such an inference 
was not possible at Blais because the 87Sr/86Sr of the soil mineral 
weathering component (HNO3[1N] fraction) was slightly lower than 
that of the soil NH4Cl extract (exchangeable fraction), which yielded 
incoherent results (negative contribution). Nevertheless, this result 
suggests a strong contribution of the weathering products to the soil Ca 
exchangeable pool and corroborates with the very high Ca weathering 
rate (55.1 kg ha− 1 yr− 1) relative to atmospheric deposition Ca flux (2.7 
kg ha− 1 yr− 1) at the site (Table 1). 
The result of the mixing equation (eqn 1) for the Truite Rouge and 
Duchesnay sites indicated that, in contrast with our expectations, the 
contribution of soil mineral weathering to the exchangeable Ca pool was 
much lower at Truite rouge (17%) than at Duchesnay (83%) despite that 
the mineral weathering Ca flux is five times higher at Truite Rouge (12.3 
kg ha− 1 yr− 1) than at Duchesnay (2.3 kg ha− 1 yr− 1) with nearly similar 
atmospheric deposition Ca fluxes (Table 1). The reasons for such a 
discrepancy cannot be elucidated from the present data. However, this 
estimation may be biased at Duchesnay. Indeed, the soil HNO3[15N] 
extract at this site was characterized by a particularly high 87Sr/86Sr 
ratio (~0.75). Although we assumed that this fraction of soil Ca is not 
available for tree uptake, previous studies have shown the existence of 
active mycorrhizal weathering of soil minerals (Blum et al., 2002; van 
Schöll et al., 2006), which could provide trees with access to Ca and Sr 
sources from minerals that are generally considered recalcitrant to 
weathering and thus unavailable to plants. Indeed, if the trees at 
Duchesnay partly feed from the soil HNO3[15N] fraction, this would 
artificially raise the estimated contribution of weathering calculated 
with the mixing equation. Part of the discrepancy between the two sites 
could also be due to differences in retention of atmospherically-derived 
Ca. Isotopic tracing has shown very high retention of 
throughfall-derived Ca in the soil (close to 100%) in beech forests in 
Europe (van der Heijden et al., 2014). High retention coupled with 
efficient recycling and root uptake of atmospherically-derived Ca at 
Truite Rouge may therefore explain the high contribution of atmo-
spheric deposition to wood Ca at this site. 
Table 3 
Values used in mixing equation (equation 1) to estimate relative contribution of atmospheric deposition vs. mineral weathering to soil Ca exchangeable pool. Xech, Xmw 
and Xatm are 87Sr/86Sr values in soil exchangeable fraction (ech), of mineral weathering (mw) and atmospheric deposition (atm), respectively. Soil 1N HNO3 extract 
was used as a proxy for mineral weathering output.   
Duchesnay Truite Rouge Blais Source 
Xech 0.7139 0.7105 0.7112 NH4Cl extract 
Xmw 0.7156 0.7158 0.7094 1N HNO3 extract 
Sr/Camw 1/1254 1/725 1/438 1N HNO3 extract 
Xatm 0.71002–0.71043 Simonetti et al. (2000); Bélanger et al. (2012) 
Sr/Caatm 1/555 Bélanger et al. (2012)  
Fig. 4. Wood 87Sr/86Sr ratios in the exchangeable (HCl[0.05N]) vs. residual 
(HNO3[15N]) fractions at the Duchesnay (n = 14), Truite Rouge (n = 9) and 
Blais (n = 9) sites. 
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4.3. Did Ca sources change over the past decades? 
As previously reported for European hardwood forests affected by 
acidification (Drouet et al., 2005a), we initially expected an increase in 
the contribution of the atmospheric component to soil and wood Ca 
pools in the past decades, at least at the Duchesnay site where a soil 
mineral weathering flux and pools of Ca are much lower than at Blais 
and Truite Rouge. In contrast, we hypothesized that the contributions of 
soil mineral weathering and atmospheric deposition to soil and wood Ca 
would not change at Blais and Truite Rouge, given that soil weathering 
fluxes and soil pools of Ca are large. However, our view was challenged 
by the result of the mixing equation, suggesting a high contribution of 
the soil mineral weathering component at Duchesnay and a high 
contribution of the atmospheric component at Truite Rouge. The ex-
pected absence of changes at Blais was however verified. In fact, a small 
(<0.0004) but significant increase in 87Sr/86Sr ratio was observed for 
Fig. 5. 87Sr/86Sr values in the exchangeable fraction 
in tree rings at the Duchesnay, Truite Rouge and Blais 
sites. Red arrows indicate the delimitation between 
heartwood and sapwood for each tree. Crosses and 
stars in the margin indicate significant trends (Mann- 
Kendall test; P < 0.01) for the whole period and in the 
sapwood only, respectively. Sites are listed by 
increasing soil Ca availability. (For interpretation of 
the references to color in this figure legend, the reader 
is referred to the Web version of this article.)   
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each tree tested at the site (Fig. 5), which may have resulted from a slight 
increase in the mineral weathering flux due to higher temperature or a 
slight decrease in the atmospheric deposition flux. We found inconsis-
tent temporal patterns at Truite Rouge and Duchesnay. Despite no sig-
nificant trend, temporal variation in wood 87Sr/86Sr ratio at Truite 
Rouge was larger as compared to the other sites. This agrees with the 
estimated large contribution (83%) of the atmospheric component at 
this site, which can show large temporal variation in Sr isotopic signa-
ture as compared to the soil weathering products (Bélanger et al., 2012). 
Overall, the trends in wood 87Sr/86Sr ratio suggest that the contributions 
of soil mineral weathering and atmospheric deposition remained stable 
or showed very small changes in the last decades at the three sites, 
despite the strong gradient (one order of magnitude) in soil mineral 
weathering and pools of Ca. This result is totally surprising for the 
Duchesnay site, where soil Ca exchangeable pools have been strongly 
depleted due to acidic deposition (Houle et al., 1997). This has resulted 
in a severe sugar maple decline at this site (Duchesne et al., 2002) and to 
extremely low leaf Ca concentration (Houle et al., 2007). The absence of 
change in Sr isotopic composition over time is difficult to interpret. It 
could have resulted from an actual absence of change in Sr source over 
time, which is surprising at least at the Duchesnay site, or from the radial 
movements of recent and low 87Sr/86Sr Sr towards the heartwood, thus 
dampening a potential increase in atmospheric contribution (with low 
87Sr/86Sr). This absence of trend differs from two previous studies where 
significant decreases 87Sr/86Sr in tree rings were interpreted as changes 
in the contribution of Ca sources over time (Drouet et al., 2005a; Bullen 
and Bailey 2005). It must be noted that the most important 87Sr/86Sr 
changes in these studies were observed between the years 1880 and 
1920 while our tree ring record spans from ~1920 to 2010, which 
however, includes the peak of acidic deposition in the region, which 
occurred in the early 1980’s (Houle et al., 2020; Marty et al., 2020). This 
factor may have also contributed to this difference. 
Finally, one surprising finding in our study is that there was no sig-
nificant difference in 87Sr/86Sr between the exchangeable and residual 
fractions of the wood (Fig. 4), which to our knowledge, is the first 
observation for Sr isotopes. It should be noted that the subset of samples 
used for this comparison originated from the three sites and from the 
heartwood and sapwood portions of the stem. One plausible explanation 
for this is the absence of changes in the Sr sources over time, meaning 
that the 87Sr/86Sr in nutrients taken up by the tree have varied slightly 
over time. It is not impossible that a difference would have been 
observed if a strong change in the 87Sr/86Sr of the soil solution had 
occurred during the study period. Another explanation is that there is a 
dynamic exchange of Sr (and most probably Ca) between the 
exchangeable and residual fractions of the wood. In this case, it will 
brings additional support to invalidate the potential use of the residual 
fraction as a better proxy than the total wood fraction for reconstructing 
temporal trends in soil base cation availability over time, as least for 
sugar maple. Clearly, more studies are needed to further understand 
those processes and how they vary for other tree species with different 
wood characteristics. 
5. Conclusion 
Variation in wood Ca concentrations among sites was consistent with 
Ca concentrations in the soil exchangeable fraction. Wood 87Sr/86Sr 
ratio significantly differed from site to site and was very close to 
87Sr/86Sr ratio in the exchangeable fraction of the top mineral soil, 
supporting previous observations that the chemistry of this soil layer is a 
robust predictor of leave and wood chemical composition of sugar 
maple. Both Ca and Sr concentrations in the exchangeable fraction of the 
wood significantly decreased from pith to bark at the three sites, 
whereas no clear trend was found for the residual fraction of the wood, 
invalidating our hypothesis that the latter is a reliable proxy of past 
changes in soil Ca availability. In contrast with our hypothesis, wood 
87Sr/86Sr ratio did not change over time at the more Ca-impoverished 
site (Duchesnay), reflecting an absence of significant changes in the 
relative contributions of the soil mineral weathering and atmospheric 
components to tree nutrition over time. Our attempt to estimate the 
relative contributions of these two components through mass balancing 
was however hampered by the similarity in the isotopic signatures of the 
two components at one site, and the difficulty to assess the isotopic 
signature of the soil mineral weathering products that directly interact 
with the roots or their associated mycorrhizal fungi. The use of the 
HNO3[1N] extract as a proxy of the soil mineral weathering signal 
should not be a problem as long as the more refractory minerals in the 
soil matrix have a87Sr/86Sr ratio similar or close to that of this extract. 
This was however not the case at the Duchesnay site where the 87Sr/86Sr 
ratio of the HNO3[15N] fraction was much higher than all other 
extractants at all sites, which may have biased our mass balancing re-
sults. Overall, our study shows that the use of Ca concentrations in tree 
rings is a robust indicator of overall soil Ca availability between sites, 
but it cannot be easily used to track changes in Ca availability over time 
due to presumably radial movements and exchanges of Ca (and Sr) be-
tween the residual and exchangeable wood fractions. 
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Fig. 6. Relationship between 87Sr/86Sr in wood and 87Sr/86Sr in the 
exchangeable fraction of the soil (NH4Cl extraction) at the Duchesnay, Truite 
Rouge and Blais sites. Values are means ± SD. The grey stripe shows the range 
for 87Sr/86Sr of atmospheric deposition reported for the region and used in the 
mixing equation [(Simonetti et al., 2000; Bélanger et al., 2012)]. 
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